Piezoelectric nanofiber composites of polyvinylidene fluoride (PVDF) polymer and PZT (Pb(Zr 0.53 Ti 0.47 )O 3 ) ceramics were fabricated by electrospinning. The microstructure of the PZT/PVDF electrospun nanofiber composites was characterized using X-ray diffraction (XRD), scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The tensile properties (stressstrain curves) and electrical properties (P-E hysteresis loops) of the PZT/PVDF electrospun nanofiber composites were investigated as a function of PZT content from 0 wt% to 30 wt%. The results demonstrated that a PZT content of 20 wt % had enhanced tensile and piezoelectric characteristics.
Introduction
PZT (lead zirconate titanate, Pb(Zr x Ti (1-x) )O 3 ), ceramic is a typical piezoelectric material that can interconvert electric energy to mechanical energy. Due to the piezoelectric characteristic of the material, it is widely used in various applications, such as sensor and actuator materials, nonvolatile ferroelectric memory devices, micro-electromechanical systems (MEMS) and nanogenerators [1] [2] [3] [4] . Sintered bulk PZT ceramics are brittle materials and there is a growing demand for flexible PZT nanofiber materials [5] [6] [7] [8] .
The electrospinning process, one of the most common methods to fabricate fibrous PZT, is probably the simplest technology for manufacturing nanofibers with an exceptionally long length, uniform diameter and diversified composition [9] . The formation of nanofibers by electrospinning is based on the uniaxial stretching of a viscoelastic jet derived from a polymer solution or melted under high voltages. PZT electrospun nanofibers from a sol-gel solution need a sintering process at over 650 ℃ for growing a perovskite crystal structure [8] . During this sintering process, PZT nanofibers become less flexible. To overcome this disadvantage, the technology for fabricating nanofibers of ceramic and polymer composites needs to be developed to eliminate the sintering process after electrospinning.
Polyvinylidene fluoride (PVDF) polymers are good candidates for fabricating PZT and polymer composites. PVDF polymers are classified as homopolymers and copolymers. The PVDF homopolymer is a strong engineering fluoropolymer. The PVDF copolymers are similar to homopolymers in purity and chemical resistance, but also have chemical compatibility in high pH solutions, increased impact strength at ambient and low temperatures and increased clarity. Copolymers of PVDF are used in piezoelectric and electrostrictive applications. One of the most commonly used copolymers is P(VDF-trifluoroethylene) and another is P(VDF-tetrafluoroethylene). PVDF copolymers improve the piezoelectric response by improving the crystallinity of the material. P(VDF-TrFE) copolymers exhibit ferroelectric, piezoelectric and structural properties that may be superior to those of PVDF. In this paper, by PVDF we are referring to P(VDF-trifluoroethylene).
In this study, PZT/PVDF electrospun nanofiber composites were prepared from a mixture of sintered PZT ceramic powder and PVDF polymer dissolved in dimethylformamide (DMF) and acetone. We then analysed the mechanical and electrical characteristics of the PZT/PVDF electrospun nanofiber composites with various levels of PZT content and found that the optimal PZT content was 20 wt% for desirable tensile and piezoelectric characteristics. The mechanical properties of the piezoelectric nanofiber films, such as tensile strength and Young's modulus, have an effect on the blocking force and durability of the final actuators [11] .
Experimental Details
The P(VDF-TrFE) copolymer powder (Measurement Specialties) with VDF 75 % and TrFE 25 % was dissolved in a DMF (dimethylformide, Sigma-Aldrich, 99.5 %) and acetone (Sigma-Aldrich, 99.5 %) mixture at room temperature for one day. The molar composition of the PVDF polymer solution was as follows: PVDF : DMF : acetone = 0.4 : 1 : 1. Sintered PZT ceramic powder (Sunnytec Co., P-5H) at 1,150 ℃ for 30 min was added to the PVDF polymer solution and then stirred for three days. The electrospinning conditions of the PZT/PVDF mixture were as follows: the distance between the tip of the syringe and the collector was 10 cm, the syringe tip diameter was 23 G (nominal outer diameter: 0.6414 mm, nominal inner diameter: 0.337 mm, nominal wall thickness: 0.1524 mm), the feeding rate of the solution was 30 μℓ/min and the electrospinning voltage was 15~18 kV.
For analysing the electrical properties, PZT/PVDF nanofiber film with dimensions of 1 cm (W) × 5 cm (L) × 0.5 cm (T) was fixed to the bottom electrode film using a thermosetting epoxy adhesive and the sheet was then slightly heated at 70 ℃ under 80 bar for 30 min. The top electrode was also applied to the PZT/PVDF nanofiber film by the same process. The bottom and top interdigitated electrodes were made using a photoresist-and-etch process on commercially available copper-clad polyimide film.
The crystal structure and surface morphology of the PZT/ PVDF nanofibers were observed using XRD (Rigaku corporation, D/max 2200V/PC), SEM (Jeol, JSM-6700F) and TEM (Jeol / JEM-4010). The polarization-electric field (P-E) hysteresis loops were measured using a ferroelectric test system (Radiant P-LC-K) at room temperature. To prepare samples for measuring the tensile properties, PZT/PVDF nanofiber films were prepared with dimensions of 1 cm (W) × 7 cm (L) × 0.5 cm (T). The tensile properties of the PZT/PVDF nanofiber composite films were studied using a tensile tester (Instron 5564). The test speed was set to 0.5 N mm/min.
Results and Discussion
The effect of the PZT content on the morphology and average diameters of the PZT/PVDF nanofibers is shown in Fig. 1 . The average diameter was calculated and plotted for the PZT/PVDF nanofibers, based on the SEM images. The density of the PZT/PVDF mixture solution increased with an increasing PZT content. The SEM images showed that the morphology of the PZT/PVDF nanofibers becomes gradually stiffer with an increasing PZT content. The diameter of the PZT/PVDF nanofibers increased to a PZT content of 10 wt% and the diameters of the PZT 20wt% and 30 wt% samples decreased. Due to PZT particles aggregating within the nanofiber regions, as shown in Fig. 2(a) , the diameter of the PZT/PVDF nanofiber is larger than that of the PVDF nanofiber. However, during electrospinning, the aggregation of some extra PZT particles seems to form clusters on the nanofiber surfaces and a maximum diameter was found for an intermediate percentage. This tendency was clearly observed in the PZT/PVDF nanofibers with 30 wt% PZT. In the nanofibers, PZT ceramic powders tended to clump together instead of forming a composite with the PVDF polymer.
The TEM image and optical image of the PZT/PVDF nanofiber films with a PZT content of 20 wt% are shown in Fig. 2 . In the TEM image ( Fig. 2(a) ) of the PZT/PVDF nanofibers with a PZT content of 20 wt%, the agglomeration of PZT particles (black spots) can be observed in the volume of the nanofiber. Due to the repulsion force of induced electrical charges on the PVDF, these PZT particles were directed towards the inside of the PVDF polymeric solution and were forced towards co-axial nuzzles [10] . The flexibility of PZT/PVDF nanofiber films was observed in the optical image of the nanofiber films with a PZT content of 20 wt%, as shown in Fig. 2(b) . This result confirms that the disadvantage of the previous technology, i.e., a loss of flexibility after the sintering process, was overcome.
The XRD patterns of the PZT/PVDF nanofibers prepared with different levels of PZT content are shown in Fig. 3 . Although a PVDF peak was observed in PVDF nanofibers (PZT content of 0 wt%), rhombohedral perovskite (JCPDS #73-2022) PZT peaks and a PVDF peak coexisted in the XRD results of the PZT/PVDF nanofiber composites. Upon increasing the PZT content, the intensity of the perovskite peaks gradually increased and the intensity of the PVDF The tensile stress-strain properties of the PZT/PVDF nanofiber composite films prepared with different levels of PZT content were measured, as shown in Fig. 4 . Young's modulus, defined as the ratio of the stress along an axis to the strain, reflects the bending stiffness of the actuator. The bending stiffness (B) for a cantilever beam type actuator is governed by the solid mechanics theory [11, 12] The electric-field-induced polarization (P-E) of PZT/PVDF nanofiber composites prepared with different amounts of PZT was measured at room temperature and a frequency of 1 Hz, as shown in Fig. 5 . The inset optical image of Fig.  5 is a PZT/PVDF nanofiber composite module with interdigitated electrodes for piezoelectric characteristics analysis. P-E hysteresis loops are necessary for validating the ferroelectric behaviour of a piezoelectric nanofiber material at a particular temperature and frequency. In the PZT/PVDF nanofiber composite module with a PZT content of 20 wt%, the highest value for P max (maximum polarization) of 2.64 μC/cm 2 was observed at 4 kV/mm. An increased P max of 27 % was observed from pure PVDF nanofiber (PZT 0 wt%) of 2.08 μC/cm . The results confirm that there is an optimal PZT amount (a weight ratio of 20 wt%) of PZT/PVDF nanofiber composites to achieve higher piezoelectric characteristics. 
Conclusion
For the fabrication of PZT/PVDF nanofiber composites, sintered PZT ceramic powder and PVDF polymer were dispersed in DMF and acetone solvent and nanofiber composites were prepared by electrospinning. The XRD measurements and TEM result indicated that the characteristics of PZT and PVDF coexisted in the PZT/PVDF nanofiber composites. The SEM observation showed that the PZT ceramic powder was present separately without mixing with the polymer in PZT/PVDF nanofibers with PZT 30 wt% and that there was an optimal PZT content for preparing PZT/PVDF nanofiber composites. PZT/PVDF nanofiber composites with PZT content of 20 wt% had enhanced mechanical and piezoelectric characteristics of Young's modulus (2,052.6 MPa), P max (2.64 μC/cm 2 ) and Pr (0.24 μC/cm 2 ).
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